This letter presents a robust blind multiband detection (BMD) scheme for cognitive radio (CR). In the proposed scheme, the BMD problem is firstly transformed into a model order selection (MOS) problem, and then an effective clustering method is proposed to determine the subband state. Our scheme is easy to implement and has high computational efficiency. Most importantly, unlike the classical BMD schemes based on the information theoretic criteria, our scheme can be used in both the nonuniform and the uniform noise powers scenarios. Simulation results verify its effectiveness.
Introduction
Multiband cognitive radio networks (MB-CRNs) have recently caught the attention since they can significantly enhance the throughput of secondary users (SUs). Efficient multiband spectrum sensing is one of the key technologies of MB-CRNs. Because SUs usually have no prior knowledge of the primary user (PU) signal, the wireless channel and the background noise, the design of the blind multiband detection (BMD) scheme has become an important research issue. Recently, the BMD schemes based on the model order selection (MOS) have been widely discussed [1] [2] [3] , in which the multiband detection problem is transformed into a MOS problem and then the information theoretic criterion (ITC) is adopted to determine the model order, i.e., the number of the occupied subbands. Several representative criteria have been used for this purpose, including the Hunnan-Quinn (HQ) criterion, the Akaike information criterion (AIC), and the minimum description length (MDL) criterion [1] [2] [3] . The MOS-based schemes can achieve excellent performance in the BMD applications. However, in these schemes, the number of the occupied subbands is determined via the multiplicity of the minimum eigenvalue of the covariance matrix of the observed data [1] . Therefore, the key assumption used for them is the so-called uniform noise powers (variances) assumption. According to this assumption, the noise powers are presumed to be uniform from one subband to another. Note that noise powers may be nonuniform in many practical applications due to random channel conditions and calibration errors [4] . Unfortunately, most of the above MOS based detectors fail to accurately determine the state of the subbands due to the nonuniformity of noise powers. As a result, the design of the robust blind multiband detector for MB-CRNs is of great significance in practical applications.
In this letter, we consider the robust MBD problem in both the uniform and the nonuniform noise powers scenarios. Our contributions are as follows: (a) to our knowledge, our work is the first study on the BMD problem in the nonuniform noise scenario. Furthermore, a robust detection scheme by combining MOS with clustering analysis is proposed, (b) an efficient clustering method based on sample powers is proposed to determine the idle and the occupied subband groups, which achieves excellent performance in both the uniform and the nonuniform noise powers applications, and (c) the proposed scheme does not require prior knowledge about the PU signal, channel and noise. Meanwhile, it is easy to implement and has low computation complexity.
Assume there are M subands to be detected and K subands among them are occupied. Denote Ω = {1, 2, · · · , M } as the index set of the total subbands. Ω 1 = {q 1 , q 2 , · · · , q K } and Ω 2 = Ω − Ω 1 denote the index sets of the occupied subbands and the unoccupied subbands, respectively. Denote the received signal vector at instant n as y(n) = s(n) + e(n)
T and e(n) = [e 1 (n), e 2 (n), · · · , e M (n)] T denote the received signal vector, the PU signal vector and the noise vector, respectively. Here, s m (n) is the PU signal sample passed through the m-th subband with power P m , and s m (k) = 0 if m ∈ Ω 2 , e m (n) is the zero-mean Gaussian noise with variance σ 2 m in the m-th subband. Following the model in [1, 2] , s m (n) and e m (n) are respectively independent of s l (n) and e l (n) for m = l. Accordingly, the covariance matrix of y(n) can be written as
Here
Considering the nonuniformity of noise powers, the covariance matrix of noise can be expressed as
Hence, R y is also a diagonal matrix and its q-th diagonal entry (i.e. the q-th eigenvalue λ q of R y ) can be written is
The above equation indicates that: (a) in a uniform noise powers scenario, the signal eigenvalues λ q (q ∈ Ω 1 ) are strictly greater than the noise eigenvalues λ q (q ∈ Ω 2 ), and (b) even in a nonuniform noise powers scenario, the signal eigenvalues and the noise eigenvalues are still distinguishable if the signal-tonoise ratios (SNRs) are not too low. Based on this fact, we further formulate the multiband spectrum sensing problem as a MOS problem. Denote Σ as the diagonal matrix whose diagonal entries {λ 1 ≥λ 2 ≥ · · · ≥λ M } are got via sorting {λ 1 , λ 2 , ...λ M } in descending order. Then R y can be rewritten as
with P = [p 1 p 2 · · · p M ] being a permutation matrix in accordance with the above descending order. Equivalently, R y can be expressed as
Note that the number of the occupied subbands K is exactly equal to the model order in Eq. (6). Although K is unknown, we can obtain it by picking out the model that best matches the observed data among M − 1 candidates given by
Here, the k-th model H k corresponds to the case in which the first k ordered subbands are occupied. In the next section, a clustering analysis based method is proposed to obtain an optimal estimate of K.
The Proposed Scheme
Based on the above analysis, once the signal eigenvalues and the noise eigenvalues are separable, Eq. (4) shows that the smaller eigenvalues are related to the idle subbands, while the larger ones are related to the occupied subbands. So the clustering analysis method can be used to classify all eigenvalues of R y into two groups, i.e., the signal-eigenvalue group A 1 and the noise-eigenvalue group A 2 , and then the model order can be obtain via the cardinality of A 1 . In the practical applications, R y can be approximated by the sample covariance matrixR
Note that R y is a diagonal matrix, its eigenvalues can then be well approximated by the diagonal entries ofR when N is large enough. Denote the m-th diagonal entry ofR as
Note that ϕ m is the sample power of the m-th subband. Correspondingly, clustering analysis is carried out on A = {ϕ 1 , ϕ 2 , · · · , ϕ M } instead of the eigenvalues of R y . Among all of the clustering methods, the classical Kmeans clustering is most efficient in terms of the computational time; however it is sensitive to the outliers [5] . In the following, an efficient clustering method which runs like K-means is proposed to effectively solve the clustering problem in a nonuniform noise powers scenario. Denoteφ 1 ≥φ 2 ≥ · · · ≥φ M as the resulting sequence by sortingφ m (1 ≤ m ≤ M ) in descending order. Redefine A 1 (A 2 ) as the sample power group corresponding to the occupied (idle) subbands, and define the centroid of the group asφ
where |A i | is the cardinality of A i . In the new approach, we define the ratio between two sample powers as the difference of them, and then, assign each sample powerφ m to a group with the nearest centroid based on eigenvalue ratios. Initialize A 1 and A 2 as A 1 = {φ 1 } and A 1 = {φ M }, respectively. The clustering proceeds by alternating between the following two steps [6]:
Assignment step: Assign each sample powerφ m (1 ≤ m ≤ M ) to the group with the minimum eigenvalue ratio for the t-th iteration
Update step: Calculate the new centroids of the new groups
Repeat the above two steps untilφ
. Finally, the model order is estimated as |A 1 |, and the subbands with the |A 1 | largest sample powers would be the occupied ones.
Remarks: Firstly, the subband state is judged from the sample powers in the new scheme, rather than the multiplicity of the minimum eigenvalue. Therefore, the proposed scheme can be used in both the uniform and the nonuniform noise powers environments. Secondly, the proposed scheme requires no prior knowledge about the PU signal, the wireless channel and the noise. In addition, it is worth noting that, unlike the ITC-based MOS method, the proposed scheme does not require that PU signals should be Gaussian. Obviously, our scheme has a wider range of applications. 
Simulation results
In the following, the performance of our method is compared with the ITCbased MOS methods by using the HQ, AIC and MDL criteria. Numerical results are obtained via 5000 trials. Consider a multiband spectrum sensing scenario with M = 10, N = 500. Fig. 1 depicts the probability of detection (P D ) against the average SNR in a uniform noise powers scenario. Consider four PU signals with different powers [5σ 2 s , 3σ 2 s , 4σ 2 s , 3.2σ 2 s ] present in four subbands. As we can see, our scheme shows the best detection performance on the whole among all schemes, especially in the low SNR region. In fact, the uniformity of noise powers makes the intra-cluster distance corresponding to the idle subbands smaller, while resulting in larger inter-cluster distance. Consequently, we can get more effective clustering results, and then get more accurate estimate of the model order, i.e. the number of the occupied subbands.
To verify the robustness of our scheme, the performance in case with nonuniform noise powers is illustrated in Fig. 2 . Here, the noise variances are set as [0. 8, 1, 1, 1, 0.9, 1.1, 1.2, 1, 0.85, 1 .15]. Fig. 2 clearly illustrates that, among the above three ITC-based MOS methods, both the HQ-based and AIC-based methods fail to perform well due to the nonuniform noise powers, and only the MDL-based method can correctly judge the subband state at a relatively high SNR. On the other hand, it can also be seen that the proposed scheme consistently performs better than the MDL-based method.
Conclusion
In this paper, a robust BMD scheme by combining MOS with clustering analysis has been proposed. Different from the classical ITC-based schemes, our scheme can be used in both the nonuniform and the nonuniform noise powers scenarios. In addition, our scheme is easy to implement, has high computation efficiency, and can be used in the blind sensing applications. Numerical results show the superiority of the proposed scheme.
